The senescence of flower petals is often associated with increased production of the phytohormone ethylene (4, 10, 13, 14, 29) . In carnations, it is well established that this climacteric rise in ethylene plays an important role in the coordination and regulation of petal senescence (4, 10, 15) . Treatment of flowers with inhibitors of ethylene biosynthesis or action has been shown to delay the onset of petal senescence (4, 21, 25, 26, 29) . Furthermore, exposure of preclimacteric flowers to exogenous ethylene hastens the onset of petal senescence and induces autocatalytic ethylene production (10, 13) .
The initiation of ethylene responses in plant tissues is thought to first involve ethylene binding to a metalloprotein receptor (23) . In this regard, Sisler et al. (21) have demonstrated ethylene binding in carnation petals. Of further interest in carnation is that the responsiveness of petal tissue to ethylene increases with age (10, 13, 15) . This increase in sensitivity to ethylene was not linked to an increase in the concentration of an ethylene receptor since ethylene binding capacity decreased with petal age (3 (2, 8, 12, 16, 17, 19) . Ethylene regulation of specific mRNAs has been demonstrated in ripening tomato (12) and avocado (24) fruits. Two of these mRNAs encode the proteins cellulase (5) and polygalacturonase (7) , which play functional roles in the development of ripe fruits.
The senescence of carnation petals has been linked to temporal changes in gene expression as evidenced by changes in protein and mRNA populations (27) . The ethylene climacteric appeared to be a transition period in relation to these changes. Inhibitors of protein synthesis have been shown to interfere with the induction of petal senescence by ethylene (30) . The onset of petal senescence in Hibiscus rosa-sinensis was found to be associated with a transient increase in protein synthesis and a change in the patterns of proteins synthesized in vivo (28) . Taken together, these results indicate petal senescence is regulated at the level of transcription and/or translation.
In the present work, we examine the relationship between autocatalytic ethylene production, petal senescence, and mRNA populations by following the temporal development of these responses after exposure to exogenous ethylene. Furthermore, we relate these changes to the development of tissue responsiveness to ethylene with increasing age.
MATERIALS AND METHODS Plant Material. Carnation (Dianthus caryophyllus L cv White Sim) flowers were harvested from plants grown under greenhouse conditions as previously described (27) . Flowers were harvested at anthesis when outer petals were reflexed at 900 angles to the axis of the calyx except where otherwise noted. Stems were cut to 10 cm, placed in distilled water, and held in the laboratory.
Chemical Treatment. Flowers were placed in a 20 L container through which humidified air and ethylene (7.5 ,ul/L) were passed at 500 ml/min. In other experiments where flowers were treated with ethylene action inhibitors, flowers were enclosed in 2.5 L jars, and ethylene was injected to a final concentration of 7.5 ,u/L. Saturated KOH was placed in the jar with a paper wick to absorb evolved CO2. Control flowers were enclosed in jars without added ethylene. Flowers were treated with 4 mM Ag+ as the anionic complex with sodium thiosulfate (1:4 molar ratio of silver nitrate to sodium thiosulfate) for 1 h then transferred to water for 24 h prior to the initiation of ethylene treatment. In another experiment, flowers held in water were placed in jars, and NBD2 injected onto a filter paper hung in the jar to facilitate evaporation, yielding a final concentration of 2,500 ,ul/L prior to the addition of ethylene.
Ethylene Measurement. Petals were detached from flowers and equilibrated with air for 15 min following ethylene treatment after which 0.5 g of petals were placed in 25 ml serum vials. The vials were capped, and ethylene was allowed to accumulate for 0.5 h, after which a gas sample was removed and analyzed for ethylene by GC as previously described (29 (10) , was exhibited by flower petals following an ethylene treatment of at least 6 h (data not shown). When flowers were removed from the ethylene atmosphere after 6 h this in-rolling was reversed. However, petals exposed to ethylene for more than 12 h did not recover from in-rolling following transfer to air and were fully wilted after 24 h (Fig. 1) . A response to exogenous ethylene exposure in many flowers and climateric fruits is the induction of autocatalytic ethylene production (10, 12, 13, 24 the population of mRNAs (Fig. 4) . Treatment with both STS and NBD reduced or prevented the accumulation of ethyleneinduced mRNAs in response to ethylene exposure (Fig. 5) ngle with respect to the axis of the calyx. Flowers were exposed to 7.5 ,Il/L ethylene for 12 h. An increase in flower age was associated with an increase in the capacity for ethylene to induce autocatalytic ethylene production (Table II) (19) , fruit ripening (6, 12, 24) , and petal senescence (10) . There is growing evidence that in many cases ethylene exposure results in changes in gene expression (2, 8, 12, 16) . For example, ethylene has been shown to regulate the expression of several genes in ripening fruit (12, 24) . The results presented here indicate that ethylene also modulates gene expression in carnation petals. Furthermore, most of the ethylene-induced mRNAs are similar to those which were previously shown to accumulate during natural senescence concomitant with the ethylene climacteric as estimated by the molecular weights of their in vitro translation products (27) . The ethylene-induced changes in gene expression in mature, presenescent flower petals were rapid with many mRNAs showing evidence of accumulation following 3 h of 7.5 ,ul/L ethylene exposure (Fig. 3) . In contrast, the expression of several ethylene-regulated fruit ripening genes requires prolonged exposure to ethylene (24) . However, induction of gene expression following an ethylene exposure of 0.5 h has been reported in tomato fruits (12) .
Of critical importance in understanding the mode of ethylene's action in the regulation of petal senescence is to determine how its effects are partitioned. To this end, we have attempted to relate the temporal development of several ethylene responses in carnation petals. One of the earliest responses to ethylene in carnation petals is the induction of petal in-rolling (10, 13) . Indeed, petal in-rolling was evident following 6 h of ethylene exposure and occurred prior to the induction of autocatalytic ethylene production. This in-rolling was reversible following removal of flowers to an ethylene-free atmosphere. Reversibility of petal in-rolling has been previously reported (13) . In spite of the reversible nature of in-rolling and the lack of autocatalytic ethylene production, these petals senesced prior to the air-treated controls .00
.00
.75
1.50 Figure 4 densitometrically. Peaks were integrated and peak areas are presented. Table II) .00 1.75 ).50 In many cases, the responsiveness to ethylene is developmentally regulated (10, 12, 19) . In carnations, petals from young flowers are less sensitive to ethylene as compared to more mature petals (10) . This increased responsiveness in older petals was reflected in the capacity for ethylene to induce ethylene production, petal senescence, and changes in mRNA populations. While very young flowers exhibited no petal in-rolling, ethylene production, or premature senescence following ethylene exposure, they did accumulate, although at a reduced level, the 81, 42, and 35 kD in vitro translation product (Fig. 7) . Interestingly, an 81 kD translation product was previously shown to accumulate immediately prior to the increase in ethylene production associated with petal senescence (27) . It is possible that the induction of this mRNA by ethylene during fower development occurs in response to ethylene, not as a result of increased ethylene production but because of increased ethylene sensitivity. The inhibition of the appearance of the 81 kD message by ethylene action inhibitors is consistent with this hypothesis. Another mRNA with a 42 kD translation product accumulated to similar levels in response to ethylene exposure regardless of tissue age. This indicates the change in tissue sensitvity to ethylene is regulated at a point beyond a change in overall capacity to respond to ethylene (i.e. ethylene binding). Perhaps these changes are associated with branch pathways off the main signal transduction pathway. The induction of the 58 kD message by ethylene was only apparent in older tissue which exhibited evidence of the onset of petal senescence and ethylene production in response to ethylene. While the function of this polypeptide is unknown, the pattern of its expression is suggestive of a functional role in senescence or ethylene biosynthesis. :."f
